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ABSTRACT: The functioning of 2D d
2
, d
3
, and d
4
 transition metal carbides (MXenes) with formulae Mn+1Cn (n = 2) as CO2 con-
version catalysts has been proved by well-resolved density functional theory (DFT) and DFT+U theoretical calculations. Whilst 
MXenes from the d
2
 series (M = Ti, Zr, and Hf) have demonstrated active behaviors for the capture of CO2, the V3C2, Nb3C2, Cr3C2, 
and Mo3C2 materials exhibit the most promising results for their application in the selective CO2 conversion into CH4, with limiting 
reaction energies of 1.55, 1.75, 0.69, and 1.24 eV, respectively, at DFT+U computational level plus explicit DFT-D3 dispersion 
corrections, and specially highlighting the role of Cr3C2 due to its theoretically predicted low over-potential. Moreover, important 
features have been predicted during the first hydrogenation step towards the formation of the OCHO• and HOCO• radical species, 
exhibiting spontaneous reaction energies in the OCHO• obtaining for such promising carbides from the d
3
 and d
4
 groups. Our re-
sults provide novel insights in the computer-aided searching of high performance catalysts and the understanding of reaction mech-
anisms for CO2. Finally, it is hypothesized that the capture of CO2 along the early step of the reaction is spontaneously produced 
without pass from a physisorbed state, being the strength of such capture larger than the computed binding energies for the chemi-
sorption of H2O, offering encouraging perspectives for the experimental testing of our materials in water environment. 
INTRODUCTION 
The massive and large-scale anthropogenic carbon di-
oxide (CO2) emissions into the atmosphere, as a conse-
quence of our heavy reliance on imported non-
renewable energy sources,
1
 have triggered the intensifi-
cation of the greenhouse effect, a serious environmental 
problem which has been related to climate change.
2
 The 
magnitude of this issue confronts us with an unprece-
dented challenge: significant reductions in CO2 emis-
sions and the search for realistic alternatives to the ener-
gy sources based on petrol are critical. 
In this regard, CO2 conversion technology,
3
 as an en-
ergy storage alternative due to its relevance for the envi-
ronment and sustainability, has been actively developed 
towards the production of hydrocarbon ‘green fuels’ that 
can be re-burned for energy generation with a zero-
balance of greenhouse emissions. Since the CO2 conver-
sion technology is profiled as one of the several solu-
tions to the so-called ‘CO2 problem’, a vast and rich 
literature has emerged in such topic in the recent years: a 
diverse selection of materials have been extensively 
used and optimized such as titania-based (TiO2) semi-
conductors,
4-6
 Cu and photo-catalytic active Cu2O,
7-9
 2D 
metal-free meshes as functionalized graphene oxide
10
 or 
graphite-like carbon nitride (g-C3N4),
11
 among others.
12-
15
 However and as indicated by Whipple et al.,
16
 many 
advances in the field are still needed to address the ener-
gy efficiency and the reaction rate issues, among others 
limitations. 
From a mechanistic point of view, the CO2 conversion 
process through electrochemical approaches consists in 
successive electro-reductions by inclusion of a set of 
H
+
/e
–
 pairs, and depending on the total even number of 
H
+
/e
–
 couples transferred along the whole reaction (from 
two to eight), different hydrocarbon compounds such as 
carbon monoxide (CO) or formic acid (HCOOH), for-
maldehyde (H2CO), methanol (CH3OH), or methane 
(CH4), can be obtained.
17
 In this regard, an advanced 
understanding of the reaction mechanism is essential for 
the design of novel catalysts, specially when specific 
products are targeted. On the one hand, catalysis cannot 
occur if there is no effective physicochemical contact 
between gas molecules and the catalyst surface. A non-
covalent interaction, normally of O=C=Olp···Y nature 
with “Y” being an electro-positive atom, is required in 
order to adsorb CO2 on the surface. However, CO2 fixa-
 tion is often thermodynamically non-spontaneous under 
mild conditions (i.e. ambient temperatures and pressures) 
and additional energy/pressure is required to enhance 
such contact. Once it is adsorbed, the next challenge is 
the first hydrogenation step, denoted by the single-
electron CO2 + e
–
 → CO2•
–
 process. This represents a 
large impediment for the overall process since a signifi-
cant amount of energy is required. In that regard, a 
strongly negative reduction potential of –1.90 V vs. 
NHE is exhibited,
18
 constituting the limiting step of the 
whole electrochemical reaction even when catalysts 
come into play. In addition to that, reduction potentials 
vs. NHE at neutral pH indicate a very poor selectivity 
for the isolated transformations into the aforementioned 
potential hydrocarbon products. To overcome these is-
sues, the finding of novel strategies, specially new cata-
lysts, is required. 
Recent work carried out in our group have provided 
novel insights along the early stages of the CO2 conver-
sion mechanism when doping two dimensional (2D) 
boron nitride nano-sheets or meshes (BNs) with berylli-
um.
19
 As the consequence of the insertion of such elec-
tron-deficient atoms to the 2D network, important dimi-
nutions in the reaction energies were demonstrated for 
the CO2 fixation and the first hydrogenation steps, i.e. 
due to the very deep π-hole generated on the Be-doped 
surface environment, the CO2 adsorption became spon-
taneous in terms of the Gibbs free binding energy. More 
remarkably, the radical HOCO• and OCHO• species 
formed as result of the first H
+
/e
–
 gain also exhibited 
spontaneous thermodynamics, with Gibbs free reaction 
energies at room temperature being equal to –0.45 and  
–0.98 eV, respectively. For classical semiconductors, the 
first proton-electron transfer often constitutes the limit-
ing step of the whole reaction,
18, 20, 21
 while the outcomes 
generated through our DFT results indicate that this can 
be effectively changed through introducing special ac-
tive sites on the surface. 
However, despite the significance of such insights and 
the theoretical value from the computer-aided design of 
catalysts perspective, the difficulties involving Be-
doping of BNs, as well as the high toxicity of berylli-
um,
22
 limit its potential applicability. In this context and 
following similar features and mechanisms, transition 
metal carbides emerge as promising candidates for such 
purposes. Recent investigations carried out by Naguib et 
al.
23
 have demonstrated that the exfoliation of strong 
primary bond containing solids, such as MAX phase 
powders of Ti3AlC2 into Ti3C2, labeling this novel kind 
of 2D materials as ‘MXenes’ due to their similarity with 
graphene. As has been recently summarized by Gogotsi 
and co-workers,
24
 the etching out of the “A” layers from 
MAX phases with formulae Mn+1AXn, which “M” an 
early transition metal, “A” an atom from the triel or 
tetrel groups (i.e. icosagens and crystallogens, respec-
tively), and “X” = C or N with n = 1, 2, and 3, produces 
the synthesis of their respective MXenes with formulae 
Mn+1Xn prior applying sonication technique. In this re-
gard, not only Ti3C2 has been synthetized via this proce-
dure, but also Ti2C, Nb2C, V2C, (Ti0.5Nb0.5)2C, 
(V0.5Cr0.5)C2, (Nb0.8Ti0.2)4C3, (Nb0.8Zr0.2)4C3, Ti3CN, 
Ta4C3, Mo2TiC2, Mo2Ti2C3, or Cr2TiC2, among others,
23, 
25, 26-28
 which with large specific surface area are typical-
ly needed to obtain large capacitances for further CO2 
capture applications. 
MXenes, such 2D solids,
24
 have generated recent in-
terest because of their outstanding electronic properties 
which can be exploited for innumerable industrial and 
biomedical applications. Multilayer MXenes are conduc-
tively similar to multilayer graphene. However, unlike 
graphene, MXenes can be easily dispersed in aqueous 
solutions because of their hydrophilic properties. Also, 
the inherent metallic character of MXenes may be modi-
fied to act as semiconductor once the surface is –F or  
–OH terminated.
25 
In term of real applications, MXenes have already 
been demonstrated to be promising candidates for ener-
gy storage applications such as Li-ion batteries,
29-31
 non-
Li-ion batteries,
32
 electrochemical supercapacitors,
33-35
 
and fuel cells.
36
 Apart from the energy storage applica-
tions, MXenes were tested as photocatalytic materials,
37
 
gas sensors,
38
 biosensors,
39
 and transparent, conductive 
electrodes.
40
 
In the recent years, some literature has emerged de-
scribing the applicability of metal carbides as catalytic 
substrate for hydroprocessing, water splitting technolo-
gy,
41-44
 given the inherent properties of these materials 
with high specific areas and cleanness surfaces,
45
 good 
electrical conductivities, stability, and hydrophilic be-
haviors.
25
 Based on this background, we hypothesize 
and report theoretical evidences highlighting the func-
tion of d
2
, d
3
, and d
4
 MXenes, transition metal carbides 
with formulae Mn+1Cn (n = 2) as CO2 capture and con-
version catalysts. In this regard, our DFT and state-of-
the-art DFT+U studies plus dispersion corrections pre-
dict active behaviors for the capture of CO2, being the 
strength of such capture larger than the computed bind-
ing energies for the chemisorption of H2O. These inher-
ent features expect an active physics for the CO2 conver-
sion mechanism: while injection of CO2 solute is spon-
taneously produced on the material, the hydrophilic and 
high electrical conductivity advert the effective electro-
reductions in both the H
+
 attachments and electrons 
providing. 
 
COMPUTATIONAL DETAILS 
The mechanism for the electrochemical conversion of 
CO2 into hydrocarbon compounds catalyzed by d
2
 (Ti, 
Zr, and Hf), d
3
 (V, Nb, and Ta), and d
4
 (Cr and Mo) 2D 
transition metal carbides or MXenes, with formulae 
Mn+1Cn (n = 2), has been studied by means of density 
functional theory (DFT) through the generalized gradi-
ent approximation (GGA) with the Perdew-Burke-
 Ernzerhof (PBE) functional,
46
 using a plane-wave cut-
off energy of 400 eV.
47, 48
 Concerning the periodic 
boundary conditions, the Brillouin zone was sampled by 
3×3×1 k-points using the Monkhorst-Pack scheme, after 
the tests with a larger set of k-points to make sure that 
there was no significant changes in the calculated ener-
gies. In order to avoid interactions between periodic 
images, a vacuum distance of 20 Å was imposed be-
tween different layers. At first stage, full optimizations 
were carried out using energy and force convergence 
limits equal to 10
–4
 eV/atom and |0.05| eV/Å, respective-
ly. For energy calculations, van der Waals interactions 
were taken into account through the Grimme DFT-D2 
method.
49
 In order to evaluate the zero point energy 
(ZPE) as well as the thermal corrections terms, addition-
al calculations over the  points were carried out. 
After the first-round calculations based on gas-phase 
models, the d
3
 V3C2 and Nb3C2, and the d
4
 Cr3C2 and 
Mo3C2 surfaces have identified as the most promising 
catalysts for the CO2 conversion. To further examine 
such results, additional Hubbard-like parameters have 
been included through the DFT+U approach in the form 
developed by Dudarev et al.,
50, 51
 to treat the strong on-
site Coulomb interactions of the d-like localized elec-
trons in M3C2, which are not correctly described via 
classical GGA-based DFT. In our case, U terms equal to 
3.1, 3.0, 3.5, and 3.5 eV have been employed for V, Nb, 
Cr, and Mo, respectively.
52-55
 Over such DFT+U re-
optimizations, explicit dispersion correction terms to the 
energy were employed through the use of the DFT-D3 
method with the standard parameters programmed by 
Grimme and co-workers.
56, 57
 With the aim to obtain 
more accurate values, computational settings were modi-
fied using a plane-wave cut-off energy of 450 eV, |0.02| 
eV/Å as force convergence limit, and the Brillouin zone 
was expanded by 5×5×1 k-points. All optimization cal-
culations have been performed through the facilities 
provided by the Vienna Ab-Initio Simulation Package 
(VASP, version 5.3.5).
58-61
 
Finally, Eqn. (1) has been applied to calculate the re-
action energies, where n is the number of H
+
/e
–
 pairs 
transferred, m the number of H2O molecules released, 
and p the number of CH4 molecules released, if applica-
ble. In such context, Nørskov and co-workers
20
 estimate 
that the chemical potential of the H
+
/e
–
 pair has the half 
value of the chemical potential of the dihydrogen (H2) 
molecule [see Eqn. (2)]. 
 
∆GR = G(surf···CO2–m–pHn–2m–4p) + m G(H2O) + 
+ p G(CH4) – G(surf) – G(CO2) – n/2 G(H2) (1) 
 
 (H
+
/e
–
) = ½  (H2)    (2) 
 
 
 
RESULTS AND DISCUSSION 
Transition metal carbides (MXenes) with formulae 
Mn+1Cn (n = 2) and M = Ti, Zr, Hf, V, Nb, Ta, Cr, and 
Mo (hereafter simply referred as M3C2), are strongly 
bounded graphene-similar 2D materials composed by 
five layers of atoms in which carbons are in the inner 
layers being six-fold coordinated (labeled as 6c-C in Fig. 
1) with two kinds of transition metals: those constituting 
the central inner layer (also hexa-coordinated) and the 
three-fold terminated (labeled as 3c-M in Fig. 1) which 
are specially reactive due to their empty d-like orbitals, 
and therefore where the catalytic activity will take place. 
 
Figure 1. Proposed paths for the CO2 interaction with the M3C2 
MXenes surfaces: clean surface (left), CO2 physisorption (center), 
and CO2 chemisorption (right). 3c-M and 6c-C labels refer to 
three-fold transition metal and six-fold carbon atoms, respectively. 
As indicated in Fig. 1, the interaction between CO2 
and the M-terminated surface of the MXenes might be 
carried out either through a physical fixation (physisorp-
tion) where CO2 is attached to the surface through a non-
covalent interaction of O=C=Olp···M nature (Fig. 1, 
center), or through a chemisorbed process in which CO2 
is formally bound (Fig 1, right). Gibbs free binding en-
ergies at room temperature (∆Gb) display clear differ-
ences in respect to the thermodynamic stability in each 
case. On the one hand, Table 1, the CO2 physisorption 
step is characterized by non-spontaneous binding ener-
gies, between 0.15 and 0.35 eV. This is in contrast to the 
case of Ta3C2 (see Table 1) as catalyst in which no min-
imum was located and Ti3C2 where the physical CO2 
fixation is spontaneously produced with –0.59 eV. On 
the other hand, the MXenes seem to be active towards 
CO2 chemisorption, exhibiting spontaneous binding 
energies decreasing in strength as we move along the 
group, i.e. surfaces for d
2
 MXenes are stronger capture 
materials than d
3
 and d
3
 stronger than d
4
. At this point, 
the question arising is: does the process of capture occur 
directly or is it done in two stages after passing the bar-
rier imposed by the CO2 physisorption? 
In this regard, since MXenes are highly reactive sur-
faces, it seems contradictory to find such high barriers 
for the CO2 fixation step, with values comparable or 
even larger than those observed with less-reactive sur-
face materials, such as rutile TiO2(110).
62 
Comparing 
both classical DFT test results including van der Waals 
 Table 1. Gibbs Free Reaction Energies (in eV), calculated at PBE (GGA-DFT) computational Level (Thermal and ZPE Corrections in-
cluded). All values are commonly referred to the Clean Surface and the Isolated Reactive Gases (0.00 eV). Note: * and ** Symbols Refer 
to Physisorbed and Chemisorbed Species, respectively. 
 
 Ti3C2 Zr3C2 Hf3C2 V3C2 Nb3C2 Ta3C2 Cr3C2 Mo3C2 
*CO2 –0.59 0.17 0.18 0.29 0.35 — 0.25 0.15 
**CO2 –2.99 –3.16 –3.03 –1.45 –1.61 –2.29 –1.28 –2.12 
**OCHO –2.05 –2.25 –2.88 –1.38 –1.72 –1.59 –1.60 –1.77 
**HOCO –2.07 –2.49 –2.79 –1.40 –1.56 –1.94 –1.74 –1.94 
**OCH2O –3.53 –4.09 –4.32 –1.93 –2.25 –2.88 –1.62 –1.69 
**HCOOH –1.02 –2.20 –2.48 –0.15 –0.15 –0.35 –0.01 –0.83 
**CO –1.27 –1.19 –1.61 –1.53 –1.49 –1.90 –2.09 –2.39 
**HOCH2O –2.50 –2.84 –3.13 –1.60 –1.92 –2.59 –1.88 –2.21 
**HOCH2OH –1.14 –1.10 –1.55 –0.64 –0.73 –1.15 –0.73 –0.97 
**H2CO –2.55 –3.31 –3.41 –1.91 –2.28 –2.50 –1.89 –2.00 
*H2CO 1.05 0.94 0.89 0.91 0.96 0.85 0.96 0.89 
**CH2OH –1.71 –2.17 –2.00 –1.37 –1.49 –2.07 –1.63 –1.79 
**CH3O –3.06 –3.23 –3.44 –2.31 –2.49 –3.11 –2.24 –2.68 
**CH2 –2.01 –2.08 –1.38 –1.16 –1.69 –2.54 –1.86 –2.34 
*CH3OH –0.08 –0.05 –0.12 0.21 –0.06 0.08 0.20 0.01 
**CH3 –2.25 –2.58 –3.07 –2.46 –2.70 –3.49 –2.73 –3.23 
*CH4 -1.41 –0.91 –1.15 –2.36 –1.00 –1.06 –0.78 –0.96 
**O···*CH4 –3.97 –4.30 –4.48 –2.59 –3.13 –3.44 –2.56 –2.64 
**OH –4.09 –4.14 –4.29 –3.19 –3.41 –3.85 –3.23 –3.44 
**H2O –2.54 –2.47 –2.54 –1.96 –1.89 –2.16 –2.07 –2.42 
 
interactions through the Grimme’s DFT-D2 method and 
state-of-the-art and more accurate DFT+U calculations 
with explicit dispersion corrections via the DFT-D3 
method (see Tables 1 and 2), it seems that as conse-
quence of the force convergence settings (see Computa-
tional details section), physisorbed CO2 minima appear 
as DFT artifacts, allowing us to conclude that CO2 di-
rectly interacts with the surface through a spontaneous 
and exothermic process that produces its capture.  
More remarkable are the huge differences shown be-
tween the Gibbs free binding energies computed at 
PBE/DFT-D2 and DFT+U/DFT-D3 levels of theory. In 
this regard, the strong on-site Coulomb interactions of 
the d-like localized electrons in M3C2 treated through the 
inclusion of explicit U Hubbard-like parameters, seems 
to be essential in the adequate description of the cap-
tured CO2 steps: comparisons for ∆Gb in the d
3
 V3C2 and 
Nb3C2, and the d
4
 Cr3C2 and Mo3C2 materials differ in 
around 1.0-1.3 eV, supporting the spontaneity of the 
chemisorption process, but correcting the errors derived 
from over-estimated interactions between CO2 and the 
M-terminated MXene surfaces. 
The outcomes presented in this work are of great sig-
nificance since they suggest that d
2
-d
4
 M3C2 MXenes are 
capable of spontaneously producing the capture of CO2, 
overcoming the mechanistic limitation imposed by this 
first step of the CO2 fixation, that as has been comment-
ed before, usually demands the input of energy/pressure 
to enhance the contact on the surface.
63
 
 
 
Figure 2. At top, captured CO2 minima. Selected distances in 
dark blue and red indicate the proximal C–M and O–M distances, 
respectively, in Å. At bottom, H2O chemisorption steps with 
proximal O–M distances in Å. Gibbs free binding energies at 
room temperature calculated at DFT+U/DFT-D3 computational 
level, with U = 3.1, 3.0, 3.5, and 3.5 eV for V, Nb, Cr, and Mo, in 
their respective M3C2 MXenes. 
 
 Table 2. Gibbs Free Reaction Energies (in eV), calculated at 
DFT+U/DFT-D3 (See Computational Details) Computational 
Level (Thermal and ZPE Corrections included) for d3 V3C2 and 
Nb3C2, and d
4 and Cr3C2 and Mo3C2 materials. All values are 
referred to the clean surface and the isolated reactive gases (0.00 
eV). Note: * and ** Symbols Refer to Physisorbed and Chemi-
sorbed Species, respectively. 
 
 V3C2 Nb3C2 Cr3C2 Mo3C2 
**CO2 –0.77 –0.67 –0.44 –1.01 
**OCHO –1.32 –1.06 –1.12 –1.42 
**OCH2O –1.38 –2.33 –0.83 –1.51 
**HOCH2O –1.41 –1.53 –0.94 –1.80 
**H2CO –1.75 –1.84 –0.82 –1.74 
**CH3O –1.94 –2.47 –1.32 –2.18 
**O···*CH4 –1.99 –2.95 –1.23 –1.83 
**OH –2.96 –3.30 –2.26 –3.08 
**H2O –1.41 –1.55 –1.58 –1.84 
 
Additionally, and as a paramount feature, 
DFT+U/DFT-D3 calculations of the d
3
 V3C2 and Nb3C2, 
and the d
4
 Cr3C2 and Mo3C2 materials for the capture of 
H2O, predict spontaneous Gibbs free binding energies, 
but always lower than the ones due to the CO2 chemi-
sorption (see Fig. 2). In other words, the selected mate-
rials are more selective to interact with CO2 than with 
H2O, offering promising perspectives for the use of 
these materials in a water environment. 
Concerning the nature of the interactions when bond-
ing CO2 on the MXenes surfaces, the low-coordinated 
metals atoms are seen to interact through the C of CO2, 
potentially via electron-donation from the carbides 
(proximal distances between 2.17 and 2.49 Å), and also 
synergistically supported through intense interactions 
between the O lone pairs from CO2 to the aforemen-
tioned three-fold metal atoms (proximal distances be-
tween 1.92 and 2.34 Å). In the case of the chemisorbed 
H2O molecules (Fig. 2), they bind through their O lone 
pairs to the metal atoms of the MXenes, showing also 
strong interactions, with ∆Gb between –0.21 and –0.64 
eV. This is experimentally corroborated by the measured 
hydrophilic behavior of MXenes.
25
 
The role of selectivity is crucial and strongly depends 
on how the material catalyzes the successive elementary 
electro-reductions. In this regard, test calculations em-
ploying classical DFT including dispersion via the DFT-
D2 method (see Table 1) predicts non-spontaneous 
Gibbs free reaction energies at room temperature (here-
after simply referred as reaction energies) for the first 
H
+
/e
–
 pair gain, that leads to the chemisorbed HOCO• 
and OCHO• radical species. However, the hydrogena-
tion on the C atom of the captured CO2 molecule is more 
thermodynamically preferred than when acting on one of 
the two terminal O atoms of CO2. This implies that the 
competitive CO and HCOOH formation would be min-
imal compared to •OCH2O• formation, which follows 
with the third H
+
/e
–
 transfer onto one of the still unreact-
ed O atoms to obtain the HOCH2O• intermediate species. 
As result of the fourth H
+
/e
–
 gain, H2CO is produced 
(with the release of one H2O molecule), notwithstanding 
it deserves to be mentioned that the release of this cap-
tured H2CO requires the input of a large amount of ener-
gy as a consequence of the aforementioned strong inter-
actions between substrate and surface. 
With the exception of Hf3C2, the formation of CH3O• 
as a fifth-reduced radical species, which is the precursor 
of CH3OH, exhibits spontaneous reaction energies, how-
ever the sixth hydrogenation at the CH3O• radical re-
quires its release from the surface in order that the H
+
/e
–
 
pair can physically access to it, leading to the appear-
ance of energy limitations in the range of 3 eV or higher 
for d
2
 and Ta3C2 MXenes, and around 2.5 eV for M3C2 
when M = V, Nb, Cr, and Mo. This limiting step elimi-
nates this path, as well as the path towards the formation 
of CH4 that also requires the injection of an important 
amount of energy for the release of the seventh hydro-
genated CH3• radical. However, the reactive nature of 
the transition metal carbides establishes an alternative 
path, that like in the case of the theoretical model of 
highly-reactive beryllium-doped BNs,
19
 is thermody-
namically preferred in the mechanism of CO2 electro-
reduction to CH4. Such a mechanism involves the sixth 
H
+
/e
–
 pair gain on the CH3O• radical taking place on the 
CH3 moiety, leading first to the release of CH4 and an O 
atom inserted on the material, and secondly, continuing 
with two successive hydrogenations that produce an  
–OH• doped solid and a captured H2O molecule. Despite 
such H2O product contaminating the material, relative 
small reaction energy (with respect the limiting 
**OH•/**H2O step) is needed, and besides that potential 
new CO2 molecules will thermodynamically displace the 
captured water. 
Although our DFT predictions establish a common 
path being exhibited by all the M3C2 MXenes studied in 
the present work, it is clear that d
2
 Ti3C2, Zr3C2, and 
Hf3C2, as well as d
3
 Ta3C2, are not promising for the CO2 
conversion into hydrocarbon fuels due to the large limit-
ing steps predicted. For this reason more accurate 
DFT+U calculations with explicit dispersion corrections 
via the DFT-D3 method have been carried out for the 
most promising d
3
 V3C2 and Nb3C2, and d
4
 and Cr3C2 
and Mo3C2 materials. 
Thus, and as previously mentioned, the inclusion of 
the Hubbard-like parameters via the DFT+U approach to 
treat the strong on-site Coulomb interactions of the d-
like localized electrons in M3C2 MXenes also predict 
spontaneous chemisorption processes of CO2, however, 
values strongly differ due to the over-estimated interac-
tions between CO2 and the surface of the MXenes. Val-
ues of –0.77, –0.67, –0.44, and –1.01 eV are obtained 
for M = V, Nb, Cr, and Mo, respectively. Also, as a 
  
Figure 3. Minimum energy path (DFT+U/DFT-D3 calculations, U = 3.5 eV) followed for the CO2 conversion mechanism into *CH4 and 
**H2O catalyzed by Cr3C2. Note: Grey, lilac, red, and white spheres refer to C, Cr, O, and H atoms, in that order. Note: * and ** symbols 
refer to physisorbed and chemisorbed species, respectively. Selected distances are indicated in Å. 
 
 
Figure 4. Gibbs free reaction energy diagram at 298.15 K (thermodynamics, in eV, referred to the immediately step) corresponding with 
the minimum energy path at the DFT+U/DFT-D3 computational level for the CO2 conversion mechanism into *CH4 and **H2O catalyzed 
by Cr3C2 (U = 3.5 eV). Note: * and ** symbols refer to physisorbed and chemisorbed species, respectively. 
 
common feature, spontaneous reaction energies are pre-
dicted for the first H
+
/e
–
 gain to reach the OCHO• inter-
mediate species, being –0.55, –0.38, –0.67, and –0.41 eV, 
respectively. These results for this first electron-
reduction process are of paramount importance, high-
lighting a novel and impressive outcome in the sponta-
neous production of the OCHO• radical, or in other 
words, overcoming the limitation imposed by this classi-
cally limiting step.
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With the exceptions of Nb3C2 and Cr3C2, a cascade of 
spontaneous elementary reactions occur for the second 
and third hydrogenations to obtain the chemisorbed 
•OCH2O• and HOCH2O• intermediate species. Small 
reaction energy of 0.28 eV in the second H
+
/e
–
 transfer is 
required for Cr3C2, while HOCH2O• demands 0.80 eV 
for Nb3C2. Also, the d
3
 MXenes show a different pattern 
in the production of H2CO, which results in a highly 
distorted geometry with respect to the sp
2
 hybridization 
as consequence of the strong interactions on the surface, 
This highlights the existence of a process that presents 
spontaneous reaction energies of –0.34 and –0.30 eV for 
M = V and Nb, whereas for the d
4
 series (M = Cr and 
Mo) very low injections of energy, 0.12 and 0.06 eV, are 
needed. Furthermore, the CH3O• is spontaneously pro-
 duced in all these cases. However, it deserves to be men-
tioned that, with the exception of the 0.80 eV that Nb3C2 
requires for the production of HOCH2O•, the CO2 con-
version mechanism up to the fifth step follows a smooth 
path mainly characterized by spontaneous H
+
/e
–
 addi-
tions and their associated structural rearrangements. 
As has been previously hypothesized, the CO2 conver-
sion mechanism catalyzed by d
2
-d
4
 M3C2 MXenes fol-
lows a common route in which the minimum energy 
path involves successive hydrogenations on the C and O 
atoms to reach OCHO•, •OCH2O•, and HOCH2O•, and 
obtaining H2CO as fourth-order reduced species in the 
form of a highly distorted and captured product. Since 
the chemisorbed CH3O• radical is more thermodynami-
cally preferred than the chemisorbed H2COH• one dur-
ing the fifth H
+
/e
–
 pair gain, our DFT+U/DFT-D3 results 
also predict that the classical route towards the for-
mation of the CH3OH final product is not favored with 
respect to the sixth electro-reduction on the CH3 moiety 
of the CH3O• radical to reach a released CH4 molecule 
and being an O atom covalently bounded on the material. 
As happened in the HOCH2O• to H2CO step, d
3
 MXenes 
are characterized to produce such **O···CH4 in a spon-
taneous process, while for Cr3C2 and Mo3C2, the injec-
tion of 0.09 and 0.35 eV are required. 
Finally, the O-doped moiety of the surface is presented 
as highly reactive, being proof of this the highly sponta-
neous reactions consisting in the seventh hydrogenation 
to reach the **OH• radical species, that with exception 
of Nb3C2, indicates the maximum release of energy of 
all the elementary reactions (even more than the earlier 
CO2 capture process). Unlike the classical materials in 
which the classical limiting step is imposed by the first 
hydrogenation step, our proposed materials present dra-
matically different behaviors, i.e. the release of such 
**OH• radical species in the form of a relatively intense 
chemisorbed H2O molecule once the eighth and final 
H
+
/e
–
 transfer comes into play. In this regard, d
3
 MXenes 
exhibit values of 1.55, 1.75, and 1.24 eV for  
M = V, Nb, and Mo, which are relatively high with re-
spect to the impressive catalytic performance shown by 
Cr3C2, which, as shown in Figs. 3 and 4, is hypothesized 
as the best alternative for the catalytic reduction of CO2 
based on transition metal carbide catalysis at the present 
time. For comparative purposes, the limiting step of the 
Cr3C2 outcomes are in the other of some tested and/or 
theoretically studied materials as for instance: Cu sur-
face (Peterson et al., CO2 to CH4, limiting step of 740 
mV),
20
 or graphene-supported amorphous MoS2 (Li et 
al., CO2 to CO, over-potential of 540 mV when acting at 
a maximum faradaic efficiency).
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SUMMARY AND CONCLUSIONS 
In summary, our theoretical calculations predict that 2D 
d
2
, d
3
, and d
4
 transition metal carbides (MXenes) with 
formulae Mn+1Cn (n = 2) are capable of catalyzing CO2 
conversion into hydrocarbon compounds, being selective 
towards the formation of CH4. Attending to the reaction 
energies computed in the present work by DFT model-
ing, d
3
 V3C2 and Nb3C2, and d
4
 and Cr3C2 and Mo3C2 
materials offer the most promising results with limiting 
Gibbs free reaction energies at 298.15 K of 1.55, 1.75, 
0.69, and 1.24 eV, respectively, according to the out-
comes obtained at DFT+U computational level plus 
explicit DFT-D3 dispersion corrections. Although the 
highly reactive behaviors of these set of Group IVB 
carbides (in addition to d
3
 Ta3C2), the selected MXenes 
demonstrate active behaviors for the capture of CO2, 
specially for those from the d
2
 series (M = Ti, Zr, and 
Hf), dismissing their applicability in the conversion 
process. An analysis in-depth of the CO2 conversion 
mechanism indicates that the minimum energy path 
follows an alternative route leading to the release of CH4 
during the sixth step, prior to the final H2O production. 
Important features have been predicted during the first 
hydrogenation step towards the formation of the OCHO• 
radical species, offering spontaneous energies for the 
promising MXenes. This point is of considerable signifi-
cance since the first electro-reduction classically creates 
the severest obstacle of the entire reaction. Moreover, it 
is hypothesized that the capture of CO2 during the early 
step of the process is spontaneous without passing 
through a physisorbed state. The strength of such cap-
ture is even larger than the computed binding energies 
for the chemisorption of H2O. Against this background, 
we provide novel insights into the computer-aided cata-
lyst design and the reaction mechanism modeling of the 
CO2 conversion catalysts. We offer encouraging per-
spectives for the experimental testing of these materials 
in a water environment, profiling Cr3C2 as the best alter-
native of these series of MXenes with a limiting reaction 
energy of 0.69 eV. 
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